We have investigatedt he effect of non-thermala tmospheric plasma (NTAP) on the structure of microcrystalline cellulose. In particular,b ym eans of different characterization methods, we demonstrate that NTAP promotes the partial cleavage of the b-1,4 glycosidicb ond of cellulose leadingt ot he releaseo fs hort-chain cellodextrins that are reassembledi nsitu, preferentially at the C6 position, to form branched glucans with either ag lucosyl or anhydroglucosyl terminal residue. The ramificationo fc ellulosic chain induced by NTAP yields branched glucans that are soluble in DMSO or in water,t hus opening as traightforward access to processableg lucans from cellulose. Importantly,t he absence of solventa nd catalystc onsiderably facilitates downstream processing as compared to (bio)catalyticp rocessesw hich typicallyo ccur in diluted conditions.
Introduction
Cellulosei sanatural linear polymer of b-d-glucopyranose in which the monosaccharide units are covalently linked through b-1,4 glycosidic linkages. [1] Cellulosei sn aturallyp roduced in large scale by living organismsa nd has long been used for the production of fibers or paper.I ts polysaccharide structure also confers promisingp roperties for the synthesis of industrially relevant materials such as surfactants, glues, thickening agents or viscosity modifiers, to mentionb ut af ew.N ature has however designed cellulose as ar obust polymer in which the polysaccharide chainsa re stacked together by the interplay of an extensive hydrogen-bondn etwork, [2] van der Waals interactions [3] and electronic effects. [4] Altogether,t his makesc hemical processing of cellulose for technological applications rather complex. To produce soluble and thus processable materials, cellulosei so ften derivatized. [5] For instance, hydroxyethyl-and carboxymethylcellulose or cellulose acetate, which are manufacturedi nl arge scale. These derivatization processesh owever produce al arge amount of salts and sometimes require hazardouso rcorrosive chemicals such as chloroacetic acid, acetic anhydride, ethylene oxide,e pichlorohydrin, etc. Another strategy consists in the controlled depolymerization of cellulose to cellodextrins, whicha re processable short cellulosic chains (degree of polymerization, DP < 10). In this case, biocatalysts are often preferred over acid catalystss ince they allow ab etter control of the reaction selectivity.
[6] Despite pilot productions, biocatalytic production of cellodextrins remains cost-prohibitive for industrial use mostly due to the price of enzymes, their low stabilitya nd costly downstream processing (high dilution ratio).
Recently,S chüth,R inaldi and Blair reportedt he mechanocatalyticd epolymerization of cellulose to water-soluble low-molecular-weight oligosaccharides (DP = 5-7).
[7] The concept of this work is based on asynergistic effect between an acid catalyst (often strong mineral acid such aH 2 SO 4 or HCl) and mechanicalf orces. Mechanical forces not only inducei ntimate contact betweenc ellulose and the acidc atalyst but also facilitate the conformational change of the pyranic ring and thus the cleavage of the b-1,4 glycosidic bond. [4a] At the same period, our group reported pioneer investigations on the partial depolymerization of cellulose by non-thermal atmospheric plasma( NTAP).
[8] These preliminarys tudies showedt hat using NTAP it was possible to partly and selectively cleave the b-1,4 glycosidicb ond of cellulose without assistance from catalysto r solvent.
To date, the exact mechanism at play during NTAP-promoted depolymerization of cellulose is unknown. Because NTAP generates radicals in the gas phase we can reasonablyh ypothesize that these radicals react with the surface of cellulose to form sugar radicals (observed by electron spin resonance [ESR] ) ultimately leading to bond cleavage. [9, 10] Given the highest stability of anomeric carbon radicals as compared with radicals at other positions of the monosaccharide units, the glycosidic linkages are preferentially broken.
[11] The impact of NTAP on the macrostructure of cellulose (ramification, oxidation, depolymerization, etc.) remains however unsolved.
The NTAP technology is already implemented at an industrial level for the treatment of powders, liquidso rg ases.F or instance,N TAPi su sed in large scale for the treatment of cellulose fibers, wood andt extile, particularly to change their surface hydrophilicity,m echanical strength, surface erosion, surface roughness, etc.
[10] Yet, to date NTAP has never been deployed for the production of processable polysaccharides from cellulose.
Following our two previous reports in the field, [8] we have now conducted ad etailed investigation on the (macro)molecular structureo ft he poly-and oligosaccharides recovered after NTAP treatment of cellulose, thus providing insights on the reaction mechanism. In particular,w eshow here that NTAP does not only induce depolymerization reactions of cellulose, with formation of cellodextrins and 1,6-anhydro-cellodextrins, but also promotes random repolymerization reactions (also known as reversion reaction) leading to branched glucans. Whereas cellodextrins are linear oligosaccharides exclusively made of b-1,4 glycosidic linkages, the branched glucans arising from reversion reactions are poly-or oligosaccharides in which the glucosyl units are connected through different types of glycosidic linkage (a/b 1, 4, 1, 3, 1, 6, 1, 2) . This is an important result in view of improvingp rocessability,s ince branching drastically improves the solubility of glucans in water and in organic solvents.
Results and Discussion

NTAP treatment and characterization of glucans
In order to facilitate the characterization of cellulose obtained after NTAP,h ighly purified microcrystalline cellulose( MCC) PH AVICEL 200 was selected. This MCC grade has been well characterized previously.I th as ac ontent of glucose higher than 99 %, ad egree of polymerization (DP) of 200,awater content of 5wt% and ap articles ize of 150-250 mm. The crystallinity index (CrI) of MCC is 80 %. For the sake of clarity,i ti sa bbreviated to MCC-80 in the followingd iscussion, where 80 stands for the CrI. As the structural order of cellulose affects the efficiency of NTAP in as ensitive way,M CC samples with different crystallinity indexes were also prepared. To this end, MCC was vibro-ball milled for different periods of time to produce samples of MCC with ac rystallinityi ndex of 50, 20, 30, 10 and < 10 %n amedh ere MCC-50, MCC-20, MCC-30, MCC-10 and MCC < 10, respectively.T he crystallinity index wasd etermined by X-ray diffraction (XRD)a nalysis. Please note that after the vibro-ball milling, the degree of polymerization of cellulose (DP) was slightly decreased (Figure 1a tt = 0). Particle sizes are between 80 and 50 mmfor vibro-ball-milled cellulose.
In at ypical procedure, 0.3 go fM CC-X (X < 10 or X = 10-80) was placed between two parallel square-electrodes (copper) of 25 cm 2 isolated from each other by ad ielectric material (commonly named dielectric barrierd ischarge (DBD) reactor;F igure S1 in the Supporting Information). To maintain an optimal plasma discharge,t he gap between both electrodes wasf ixed to 4mm. To create the plasma discharge, ab ipolar pulse signal was used at am aximum voltage of 10 kV at 2.2 kHz frequency (i.e.,1 5W). All reactions were conducted under air at af low rate of 100 mL min
À1
.T he NTAP-treated MCC were abbreviated P-MCC-X (with X = 10-80) in the following discussion.
Samples were taken from the DBD reactor at different treatment times and the DP was roughlya ssessed by viscosity analyses by using the NF G0 6-037 norm (Supporting Information). The plot of the DP of MCC as af unction of the NTAP treatment time is provided in Figure 1 . Interestingly,w hatevert he crystallinity index of the starting MCC, ar apid decrease in the DP was observed during the first 10 min of NTAP and then ap lateau was reached (see later for more information on thisp henomenon). As imilar phenomenon was also observed using other gradeso fc ellulose such as a-cellulose andW hatman filter paper for instance ( Figure S2 ).
Although NTAP cannot totally depolymerizet he MCC samples, we noticedt hat the NTAP treatment led to ad rastic change in the solubility of MCC. The Figure 2s hows the solubility of P-MCC in water or dimethylsulfoxide (DMSO)asafunction of the CrI of the startingM CC. Typically,5 0mgo fP -MCC sample was immersed in 10 mL of DMSO or water and stirred at 80 8Cf or 300 min. The percentage of solubilization given in Figure2 was determined by weighting the amount of insoluble P-MCCafter filtration and drying.
Whereas all MCC-X (X = < 10 to 80) samples were sparingly soluble in DMSO or water,t heir solubility was markedly enhanced after the NTAP treatment (P-MCC). As ag eneral trend, the lower the crystallinity index of cellulose, the higher the solubilityo fthe obtained P-MCC product. For instance, P-MCC < Figure 1 . Plot of the DP (AE 30) of MCC as afunction of the NTAP treatment time.
Chem. Eur.J. 2016, 22,16522 -16530 www.chemeurj.org 2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim 10 was nearly fully soluble in DMSO and partly in water (50 wt %) after only 15 min of exposure to NTAP,i ndicating that the NTAP treatment can convert cellulose to processable polysaccharides-an important aspect with respect to cellulose processing.
The differenceo fs olubility between MCC and P-MCC suggests that NTAP has led to ad rastic change in the (macro)molecular structure of MCC. To obtain ad eeper insight on this phenomenon, the (macro)molecular structure of P-MCC was investigated by means of different analytical methods. First, the chemicalt ransformationsp romoted by NTAP treatment of MCC-80,M CC < 10 and P-MCC < 10 particles were analyzed by X-ray photoelectrons pectrometry (XPS) which provides information on the chemicalcomposition of the surfaceofamaterial in al ayer of up to 10 nm. Results are summarized in Table 1 . Controle xperiments confirmed that the surfacec hemical compositiono fM CC < 10 was similar to that of MCC-80, indicating that the vibro-ball millingo nly affected the structuralo rder of MCC-80.C onversely,t he surface chemical composition of P-MCC < 10 was significantly differenta sc ompared with that of MCC < 10 ( Figure S3 ). Particularly the proportion of CÀOb onds markedly decreased to 49.8 %( vs. 73.3 %f or MCC < 10) after exposure to NTAP,w hich was accompanied by the formation of ÀOÀC=Og roups, indicating that oxidation occurred. The detection of av ery weak band at 1750 cm À1 in the corresponding FT/IR spectrum, consistentw ith the presenceo fÀC=Og roups, confirmed this observation.
To determine whether or not NTAP-promoted oxidation is propagated to deeper regions in the cellulose material, aP -MCC < 10 sample was next analyzed by solid state 13 CC P/MAS NMR spectroscopy ( Figure S4 ). No peak ascribable to carbonyl groups was detected, suggesting that oxidation remained restricted to the surfaceo fp articles only and did not occur to as ignificant extent in the bulk.
Consistent with the 13 CC P/MAS NMR spectroscopy,n oe vidence for the formation of ÀC=Oa nd ÀCHO bands was observedb yR aman spectroscopy (1700-1750 cm À1 ), further confirming that oxidationo ccurs to av ery low extent. The evolution of the Raman spectra of the initial MCC-80w as followed as af unction of the vibro-ball millingt ime and subsequent NTAP treatment ( Figure S5 ). The characteristics bands of MCC are in the window 300-1500 cm À1 with typical bands at 1335 cm À1 (ÀCH 2 À, ÀOH vibrations), 1120 and 1096 cm À1 (symmetric and asymmetric stretching vibrations of the glycosidic CÀOÀCb ond, respectively), 379 cm À1 (CÀCÀCb endingv ibrations of glucosyl rings, typical for crystalline cellulose). [12] As compared to MCC-80, the Ramans pectrao fM CC-20, MCC-10 and MCC < 10 clearly indicate an increase of the typical vibrations of amorphousc ellulose located at 1260 and 1460 cm À1 (HÀCÀH/HÀOÀCb ending) which is fully consistent with previous Raman spectroscopy based results on ball-milling ( Figure  S5 ). Treatmento fM CC-80 by NTAP led to slighte nhancements of the vibrations ascribed to amorphousc ellulose, suggesting that chemical transformations,d ifferent from the predominant oxidation processeso ccurring at the particles urface, take place in the bulk leading to alterations in the macromolecular structure of cellulose( FigureS5). Monitoring of the diagnostic Raman bands of P-MCC samples at 349 cm À1 (CÀCÀCv ibrations of the glucosyl rings, typical for amorphous cellulose), 520 cm À1 (CÀCÀCv ibrations of the glucosyl ring and the glycosidic bond), 1120 cm À1 (symmetric vibrations of the glycosidic bond)a nd 1379 cm À1 (ÀCH 2 À bending and skeletal vibrations), the intensities of which are only slightly modified after milling but markedly increased after NTAP treatment, strongly support this hypothesis.
Principal component analysis (PCA) is ar egressionm ethod and was used in this work to obtain af ine analysiso ft he Ramand ata of MCC and P-MCC samples. Particularly,i ta llows detection of the crystalline and amorphous nature of the cellulosic samples as well as chemical backbone modifications (Figure 3) . The loading line plots of the two main components PC1 andP C2 showedt hat Ramans pectral differences appeareda fter the ball milling and NTAP step ( Figure S6 ). Crystallinity can be assessedf rom the PC1 andP C2 positive bands at 377-379cm
.I nversely,t he amorphous feature is indicatedb y the PC1 negative bands at 1263 and 1460 cm À1 .T hen, it can be confirmed from Figure 3t hat whatever the initial CrI of MCC,P -MCCs amples were alwaysm ore negative than MCC either alongw ith the PC1 or PC2 loading line plots. These results suggestt hat NTAP enhanced af urtherr eduction in the crystallinity of MCC in line with ac hange in the chemical structure of the cellulosic backbone. Onec an also notice that the lower the CrI of the starting MCC, the more pronounced the structure modification induced by NTAP.T he PC loading lines exhibit also characteristic bands corresponding to the chemical structure of the cellulosic skeleton. PC1 and PC2 positive bandsa t4 34-435cm À1 (CÀCÀCa nd CÀCÀOr ing deformation) mark the integrity of the glucoser ings as well as the PC2p ositive band at 1120 cm À1 (symmetric CÀOÀCg lycosidic bond). The ESI and MALDI-TOF mass spectra of the water-soluble fraction of P-MCC samples revealed two series of monocation- [a] Adventitious carbon-basedc ontaminant, with the binding energyo f 284.8 eV was used as the reference for calibration.
Chem.E ur.J. 2016, 22,16522 -16530 www.chemeurj.org 2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim ized pseudomolecularp eaks with sequential m/z increments of 162 units that correspond to an additional monosaccharide residue (Figure 4) . One of these series stems from the expected reducing oligosaccharides arising from cellulose partial hydrolysis. The other series, with peaks that differ in À18 mass units from the previous one, probablya ccounts for 1,6-anhydrooligosaccharides. Formation of, 1,6-anhydro-cellooligosaccharides has been previously observed during acidic or thermal( pyrolysis) depolymerization of cellulose and seems to be also asignificant reactionpathway during NTAP activation. [13] Raman or MS data do not provide direct information on the overall architecture (linear or branched) of the product resulting from NTAP treatment of cellulose. To assess the effect of NTAP on the chemical structure of the cellulosic chain, the branching pattern of the P-MCC < 10 sample was next analyzed by gas chromatography coupled to mass spectrometry (GC-MS) after methylation analysis( ESI). To this end, an aliquot of the crude product in dimethylsulfoxide/water( 5:1) was first subjected to extensive methylation by treatment with methyl iodide and sodium methoxide (twice) to etherify the free hydroxyl groups in the oligosaccharides. [14] The glycosidic bonds in the permethylated species weren ext hydrolyzedb yt reatment with trifluoroacetic acid (TFA) at 120 8C, thus affording the reducing monosaccharide components. Subsequent reduction with sodium borodeuteride and acetylation with acetic anhydride/TFAa ffords the corresponding alditols labeled with deuterium at C-1, methylated atn on-glycosylated positions and bearing acetylg roups at positions that were originally glycosylated in the startingo ligosaccharides. [15] Most of the products obtained through this protocolw ere glucitol derivatives that could be unequivocally assigned from the corresponding MS fragmentation patterns,after GC separation, by comparison with authentic standards. [16] The resultsa re summarized in Ta ble 2.
Comparison of the data obtained for MCC < 10 and P-MCC < 10 shows that the amount of O-4 glycosylated glucopyranosyl units decreases from 95.6 to 78.8 %a fter NTAP treatment. Concomitantly,t he proportion of non-reducingt erminal monosaccharide units increased from 1.4 to 4.6 %, which is in agree- . MALDI-TOF mass spectra of the P-MCC < 10 sample showing the two serieso fpseudo-molecular peaks corresponding to 1,6-anhydro()and reducingoligosaccharides (*).
Chem. Eur.J. 2016, 22,16522 -16530 www.chemeurj.org Table 2 , it appears that at least 1i n 8g lucose units in the cellulose chain of P-MCC < 10 were branched at the primary position and 1i n6w as branched at either O-2, O-3 or O-6 (Scheme 1). One should note that no fragments monoglycosylateda tapositionother than O-4 were detected, meaning thatt he b-1,4 backbone of cellulose was essentially preserved in the P-CCM < 10 oligomers. Altogether, these results suggest that NTAP treatment partly breaks the b-1,4 glycosidic bond affording shorter cellulosic chains that are then recombined through reversion reactionw ith dominant 1,6 linkaget op roduce soluble glucans. Formation of branched glucans is also supported by XPS analyses whichr evealed an increasei nt he amounto fO ÀCÀOb ond after NTAP treatment (Table 1) .
NTAP is commonly used for the treatmento fs urfaces. However,o ne can point out from Figure 2t hat the effect of NTAP on the solubilizationo fM CC is closely depending on the CrI of the startingMCC.Ino ther words it indicatesthat active species (presumably radicals) formed on the surface of cellulose particles can diffuse more or less deeply within the bulk (as af unction of the CrI of the starting MCC)w here they lead to the formation of branched glucans. To furthera ssess to which extent the reorganization of the MCC structure has occurred in the bulk, the reactivity of the glycosidicb onds after NTAP was probedb yu sing acid-catalyzed hydrolysis as am odel reaction. Branched glucans are more readilyh ydrolyzed to glucose under diluted acid conditions than MCC due to their greater solubility in water and also due to the presenceo fg lycosidic bonds with ah igher sensitivity to hydrolysis than the b-1,4 linkage found in cellulose. Consequently,the yield of recovered glucosew ould provide an indication of the extent of the structural reorganization of the MCC to glucan chains in bulk. Typically,P -MCC samples (250 mg) were heatedi n1 0mLo fw ater at 150 8Cu nder microwave irradiation (300 W) for 1h in the presence of 9wt% of H 2 SO 4 .T he production of glucosew as monitored by HPLC using an NH 2 -column and aR ID detector (Supporting Information). The results are presented in Ta ble 3 and Figure 5 .
In agreement with previous reports, when MCC-80 was treated under these conditions free glucose was obtained with am aximum yield of 5%,w hich is consistentw ith the high recalcitrance of MCC-80 towards hydrolysis (Table 3) . Starting from P-MCC-80, the yield of glucosew as enhanced from 5t o 15 %s howing the effect of NTAP on the sensitivity of the glycosidic bonds (Table 3 ). The unreacted P-MCC-80 recovered by filtration at the end of the catalytic hydrolysis process was found to be highly recalcitrant to hydrolysis. When unreacted P-MCC-80 was treated againb yN TAP( named PP-MCC-80 in Ta ble 3) and re-engaged in the catalytic hydrolysis process, 12 %y ield of glucose was obtained, suggesting that in this case, that NTAP has mostly affected by the surface of MCC-80.
As illustrated in Figure 5 , the maximum yield of glucose markedlyi ncreased when the CrI of the startingM CC was lowered prior the NTAP treatment, suggesting ad eeper reorganization of the cellulosic chain in the bulk. For instance, catalytic hydrolysis of P-MCC-80, P-MCC-50, P-MCC-30, P-MCC-20 and P-MCC-10 affords glucose with ay ield of 15, 35, 50, 60 and 80 %, respectively.W ithouta ny NTAP treatment, yields of glucose remained within the range 5-10 %, which further supports the Table 2 . Relative proportions [%] of non-reducing terminal, O-4, di-O-4,6-, di-O-3,4-and di-O-2,4-substituted glucopyranosyl residues in MCC < 10 and in the correspondingp roduct obtained by NTAP treatment (P-MCC < 10).
[a]
MCC sample Non-reducing terminal O4-O1 O4-(O1,O6) O4-(O1,O3) O4-(O1,O2) MCC < 10 1.4 95.6 3.0 00 P-MCC < 10 4.6 78.8 12.0 2.6 1.9
[a] Errors are estimated to be about 20 %.
Scheme1.Proposed chemical structure of glucans produced by NTAP. [a] After the first catalytich ydrolysis. Figure 5 . Acid-catalyzed hydrolysis of P-MCC.NTAPt reatment t = 15 min for each sample.
Chem. Eur.J. 2016, 22,16522 -16530 www.chemeurj.org 2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim impact of NTAP on the reactivity of recovered glucans. Converselyt ow hat is generally observed with MCC, the catalytic hydrolysis of P-MCC samples was highly selective.F or instance, in the case of P-MCC-10, 80 %y ield of glucose was obtained at ac onversion of 83 %w hich highlights the drastic change in the reactivity of MCC in water after NTAP. At this stage, two hypotheses can be drawn to explain the deep reorganization of MCC with low CrI promoted by NTAP. One may indeed suspect that the diffusion rate of active species from the surface to the bulk is impacted by:1 )the cohesive hydrogen-bond network of MCC, and/or2 )the water content of MCC. Reducing the structural order of MCC indeedconcomitantly increases its hygroscopic properties ( Figure S7 ). For instance, MCC-80 has aw ater contento f5wt %w hile MCC-10 has aw ater contento f1 1wt%.T oo btain more information on the role of water,M CC-10 was freeze-dried to reduce its water content to 5wt% (similart oM CC-80). After NTAP treatment and catalytic hydrolysis, the yield of glucose was decreased to 45 %( vs. 80 %w ithoutf reeze-drying) suggestingt hat water trapped in the cellulose backbone does play am ajor role.
To furthers upport the role of water,t he DBD reactor was coupled to am ass spectrometer to check the water content in the gas phase ( Figure 6 ). Analysis was conducted here on acellulose but similar results were observed with MCC samples.
a-Cellulose has aw ater content of 7wt%.D uring the first 10 min of NTAP,t here is ac lear release of water in the gas phase which was ascribed to the drying of the sample. After 10 min of exposure to NTAP,T DA/TGA analysesr evealed that the water content of cellulose decreases from 7t o2wt %. During this period ("rich water phase"), depolymerization of acellulose is the dominantr eaction ( Figure 6 ). Then, the water content decreased and reached ap lateau when the deploymerization reaction ceased. During this "water-poor phase",a n equilibriumw as reached that probablyi nvolves competitive depolymerization/repolymerizationr eactions as well as 1,6-anhydrization of reducing units, which is further supported by our previous report on the polymerization of mono-a nd disaccharide induced by NTAP. [17] Tentative mechanism
The exact mechanism governing NTAP-promoted transformations of MCC is difficult to elucidate given the lacko fa ppropriate techniques for real-time in situ monitoring of the structural changes occurring in the bulk. Nevertheless,f rom the current body of experimental evidence, ag eneral picture can be advanced, although we are fully conscious that further investigations are still needed (Figure 7) . Under air,i ti sk nownt hat ac omplex cocktail of excited species, and notably radicals, are formed in the DBD reactor.T hese radicals react with the surface of MCC to produce glycosyl radicals that have been previously characterized by ESR spectroscopy. [9, 10] It is interesting to speculate that these radicals may readily react with water contained in the MCC structuret op roduce OHC radicals, which subsequently induce glycosidic bond cleavage by propagation reactionfrom the surfacetot he bulk. The preferential cleavage of the glycosidic bond by hydroxyl radicals is further supported by previousw orks. [9] [10] [11] As long as water is present in the MCC backbone, depolymerization reactions are dominant. DuringN TAP, MCC is however concomitantly partly dried as suggested by TDA/TGA and on-line mass spectrometry analyses ( Figure 6 ). The decrease in water contento fM CC activates (intermolecular) repolymerization and (intramolecular) 1,6-anhydrization reactions that then become dominant. The primary hydroxyl group is the most accessible one and thusa cts as the preferred acceptorf or the former reactions, leading to the dominant formation of O-6 branched glucans.A ttempts to enhance depolymerization reactions by adding water in the NTAP gas phase failed, suggesting that only water included in the structure of MCC is involved in the propagationstage.
Oxidation of MCC (formation of ÀCOOÀ groups) occurs to al ow extent and only at the surfaceo ft he MCC particles, which is in direct contact with the NTAP gas. This result suggests that excited species formed in the NTAP gas do not diffuse within the bulk of MCC but initiatet he formation of hydroxyl radicals, which might be the real species responsible for the depolymerization/repolymerization reactions of cellulosic chains. Figure 6 . Monitoring of water in the gas phase of the DBD reactor by coupling with MS.
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Energy consumption
Although NTAP can provide processable polysaccharides from MCC-X (X ranging between < 10 and 80) without any solvent or catalyst (no downstream processing), the electricity cost remains an importantc ost driver.D espite the fact that the DBD reactor used in this study is clearly not the optimal one for industrial transposition, calculation of the energy requirement providesarough idea on the viability of NTAP for glucan productions from MCC. The price of energy being cheaper in the US than in the EU, the former has been used as ar eference in this section (0.07 $p er kWh).
The energy requirement measured for the NTAP treatment (0.3 go fM CC-X,1 5min) is 12.5 kWh per kg of MCC-X corresponding to an electricity cost of 0.88 $. In the configuration of our DBD reactor, the amount of treated MCC-X can be increasedt o0 .8 gw ithout affecting the NTAP efficiency,t hus reducing the electricity cost to 0.33 $.
The solubility of P-MCC samples closely depends on the CrI of the startingM CC. Hence, the total energy requirement (E total ) to obtain soluble glucans from MCC should be written:
where E milling and 0.33 represent the electricity cost associated to the vibro-ball millingt echnology and the NTAP treatment, respectively. Figure 8presents the plot of the E total as afunction of the solubility of P-MCC-X in DMSO.
There exists aq uasi-linear relationship between E total and the solubility of P-MCC-X in DMSO.T he highest solubility (90 %) was obtained after 15 min of NTAP treatment of MCC < 10. The Figure 7 . tentative mechanism to explainthe modificationo ft he cellulosic chainstructure induced by NTAP.
Chem. Eur.J. 2016, 22,16522 -16530 www.chemeurj.org 2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim energy required by the millingt oo btain MCC < 10 is 6.04 kWh kg À1 ,t hat is, an electricity cost of 0.42 $. The E total required to obtain 90 %s olubility of cellulose in DMSO is thus 0.75 $. The currentp rice of the cellulosic pulp is about 0.8 $kg À1 suggestingt hat processable glucans with ap rice of at least 1.55 $kg À1 could be obtained, whichi si napromising range for application as ab iobased material considering the current price of cosmetic grade hydroxyethylcellulose ( % 5$kg ). One should note that the scale-up of these technologiesw ill definitelyc ontribute to significantly decrease the electricity cost as previously demonstrated by Rinaldi, Schüth and Blair's groups andt hus lower the price of processable P-MCC-X. [7] Conclusions By meanso fd ifferent characterization methods,w es how that NTAP is capable of promoting the partial cleavageo ft he b-1,4 glycosidicb ond of cellulose leading to the release of short chain cellodextrins that are furtherr eassembledi ns itu, preferentiallya tt he C6 position, leadingt ob ranched glucans with either ag lucosyl or anhydroglucosyl terminal residue. The extent to which the cellulosic chain is reorganized depends on the CrI of cellulose. Although deeper investigations are still neededt of ully discloset he reactionm echanism at play during the NTAP treatment of cellulose, the first collected resultss uggest that the highest amount of water contained in cellulose with al ow CrIi sp artly responsible for this phenomenon. Importantly,the ramification of cellulosic chain (on average 1ram-ification each 6g lucosyl units) after NTAP leads to the formation of glucans that are soluble in DMSO and even partly in water,o pening as traightforward route to processable polysaccharidesf rom cellulose. The reorganization of the cellulosic chains induced by NTAP occurs within only 10 min and without assistance from any solvent or catalyst, thus considerably facilitating downstream processing( no purification is required) as compared to conventional( bio)catalyticr outes which occur typicallyu nder diluted conditions. In addition, NTAP does not damage the glucosyl unit and glucans are recovered as aw hite solida tt he end of the treatment.
We believe that NTAP has ar eal potentialb reakthrough not only forc ellulose processing, but also to potentially access to aw ide range of industrially relevant glucans directly from cellulose as an onedible raw material. We would like to draw the attention of the readert ot he fact that the energy consumption of NTAP is in line with materiala pplications but, to date, not for the production of low value chemicals such as glucose, furanic derivatives, etc. The scale-upo ft his process is now under progress in our group and should demonstrate the profitability of this technology for accessing cost-competitive processable polysaccharides from cellulose.
